Abstract-Many of the control strategies for wave energy converters (WECs) that have been studied in the literature rely on the availability of estimates for either the wave elevation or the exciting force caused by the incoming wave; with the objective of addressing this issue, this paper presents the design of a state estimator for a WEC. In particular, the work described in this paper is based on an extended Kalman filter that uses measurements from pressure sensors located on the hull of the WEC to estimate the wave exciting force. Simulation results conducted on a heaving point absorber WEC shows that the extended Kalman filter provides a good estimation of the exciting force in the presence of measurement noise combined with a simplified model of the system, thus making it a suitable candidate for the implementation in an experimental set-up.
I. INTRODUCTION AND BACKGROUND
Wave energy conversion can be a reliable source of renewable energy compared to the solar and wind sources. A key technology is the autonomous control strategy used to maintain high energy extraction in a variety of sea states. A large number of control system schemes for wave energy converters (WECs) have been designed and simulated over the last decades; however, only a small subsets of these strategies have been tested experimentally. One of the major difficulties in the implementation of a control system in a real scenario is the presence of noise, uncertainties and limited amount of information that is available to be used by the controller. In fact, most control strategies rely on the availability of measurements of the wave elevation and/or the exciting forces caused by the incoming waves, which is often a difficult, if not impossible, requirement because of the limited number of sensors available.
Several approaches for the state estimation of WECs have been described in the literature (Ling, 2015; Brask, 2015) , mostly based on signals from inertial measurements units (IMUs) and wave elevation. When using measurements from IMUs alone, the estimation may be subject to drift because the quantities of interest (e.g. displacement or velocity) have to be integrated over time. The estimation can also be improved by using measurement of the wave elevation. However, if the water surface is measured at a certain distance from the device, additional complexity may be introduced due to the necessity of a model for the wave propagation, and sensors to measure both the distance and orientation between the WEC and the device measuring wave elevation. Pressure sensors, on the other hand, are relatively low cost, provide good quality signals, can be easily placed on the hull of the device and provide a measurement of the direct cause of the force acting on the device (i.e. water pressure).
The function of an estimator is to compute the best estimatê X for the system state vector, X, given a system's truth model:
and the measurements vector:
where w(t) is the process noise, v(t) is the measurement noise, and u is the control input. The system's truth model is usually developed from the physical laws known to govern the system's behavior (Crassidis and Junkins, 2004) . One classification for the estimation problems is linear versus nonlinear problems, depending on whether the system's model and/or the measurements' model are linear or nonlinear functions of the states (Bar-Shalom and Kirubarajan, 2001) . One of the popular linear filters is the Kalman Filter (KF) (Kalman, 1960 ). Another example is the H ∞ filter, which reduces to a Kalman filter with proper selection of the weight matrices (Simon, 2006) . Of the most popular nonlinear estimation algorithms is the Extended Kalman Filter (EKF). Another classification for the estimation algorithms is sequential vs. batch estimators, depending on whether the measurements are processed all in a batch or the states are updated each time a measurement is obtained. The WEC problem does need to implement a sequential estimator for real time processing. The EKF is an example of a sequential filter. This paper is organized as follow: Section II presents the details of implementing the EKF, while the performance of the estimator is demonstrated through a case study, and the numerical results are presented in Section III.
II. ESTIMATION OF EXCITATION FORCES FOR WEC
A. WEC System's Dynamic Model
The heaving motion of a single degree-of-freedom WEC is described via the well known Cummins' equation (Cummins et al., 1962) :
where x 1 is the heave displacement, m is the buoy mass, k is the hydrostatic stiffness due to buoyancy,ã(∞) is the added mass at infinite frequency, f e is the excitation force, u is the control force, B v is a viscous damping coefficient, and h r is the radiation impulse response function (radiation kernel).
For the design of the state estimator, the first step is to define the state vector X as:
where x 1 is the buoy position, x 2 is the buoy velocity, a i is the amplitude of wave frequency w i , and φ i is the phase associated with w i . The EKF estimates the ℵ most dominating frequencies in the wave; ℵ is a design parameter. The heave dynamic equations in terms of the state vector X can be written as:ẋ
Here f T is the total heave force on the buoy including the excitation force, radiation force, hydrostatic force, viscous damping force, and control force. The changes in the frequencies, amplitudes, or phases states are usually slow and small; and hence these changes are modeled as noises (Ling, 2015) ; these noises are added to the above mathematical model to generate a truth model as detailed below. The excitation force is modeled as the integration of the excitation pressure over the wet buoy surface. The excitation pressure distribution on the buoy surface can be computed in terms of the state vector X using the potential flow theory as follows. The surface is divided into a grid of cells, each cell is assumed to have uniform pressure over its area. Each cell is identified by two indices j and k; the index j determines the vertical position of a cell and k denotes the surface number in a certain vertical position j. The excitation force is then computed as (Krogstad and Arntsen, 2000) :
where the vector n jk is the normal to the surface #jk,k is the downward unit vector which is [0; 0; −1], h is the mean water level height, and k has to satisfy the dispersion relation:
If the vertical distance of a cell from the center of gravity is c j , then the hydrostatic force can be modeled as:
One way to model the radiation force f r is to introduce a radiation state space model in which x r is a state vector subject to (Yu and Falnes, 1995) :
Here the radiation matrices in Eq. (9) are obtained by approximating the impulse response function in the Laplace domain H r (s) as follows (Tristan Perez, 2009 ):
where n < m.
B. WEC Output Model
In this analysis, it is assumed that the measurements are the position of the buoy and the pressure values at N points distributed on the buoy surface. The pressure is measured using pressure sensors the locations of which are known. Hence the output model for this system is constructed as follows:
where the pressure at any cell j is modeled as:
and where A is the total surface area of the buoy. The first term in Eq (12) is the excitation pressure; the last term is the radiation pressure; the second term is the hydrostatic pressure, and the third term is the viscous damping pressure. Note that Eq (12) assumes the radiation and viscous damping pressure components to be evenly distributed across the submerged surface of the body. Although this is a quite inaccurate approximation, simulation results presented in Section III show that the EKF built using this model is still able to provide a good estimate of the excitation force. The measurementsỹ are related to the model output y through Eq. (13)
where v(t) is the measurement noise.
C. The Jacobian Matrices
To implement the EKF, we need to compute the partial derivatives of the functions in the dynamic model (right hand sides of Eqs. (5a)-(5e)) with respect to the state vector defined in Eq. (4). These derivatives are collected in the Jacobian matrix F . Note that the pressure on a vertical surface does not contribute to the heave motion. In this analysis where we focus on the heave motion, the cells on non-vertical surfaces will be referred to as heave-effective cells. Assuming that the pressure sensors that are on heave-effective cells are always submerged in the water, then F can be computed as shown in Eq. (14), where:
The Jacobian matrix, H, of the output equations is evaluated as
where for j = 2, 3, · · · , N + 1, we can write the following gradient functions for each frequency n ∈ {1, · · · , ℵ}:
(22) For j = 2, 3, · · · , N +1, we can write the following gradient functions with respect to the heave position:
D. The EKF Process
The WEC system under consideration is a continuous system while the measurements are collected at discrete points. Hence, a continuous-discrete Extended Kalman Filter will be implemented (Crassidis and Junkins, 2004) . Associated with the estimated state vectorX(t) is the matrix P (t), which is the covariance of the state error vector. The covariance matrix propagates in time according to the Riccati equation:
P (t) = F (X(t), t)P (t) + P (t)F T (X(t), t) + G(t)Q(t)G T (t).
(24) At each measurement time, a Kalman gain is computed using
The process of the continuous-discrete EKF implemented on the WEC system can be summarized as follows:
1) Propagate the current state using Eqs. (5a)-(5e) to the next measurement time k; the resulting state is X − k . 2) Propagate the covariance matrix to the next measurement time k using the Riccati equation (24). The resulting covariance is P − k . 3) Compute the Kalman Gain using Eq. (25). 4) Update the state X − k using: X
6) The current state is X + k and the current covariance is P + k . 7) Go to step (1). The EKF needs to be initialized with initial guesses for the state vector and the covariance,X(0) and P 0 , respectively. This EKF generates an estimate for the state vectorX at each time step k.
Using the estimated state vector,X, an estimate for the excitation forcef e can be computed using Eq. (6), where the states x 1 , ω n , φ n , and a n are replaced by their estimates.
E. Pseudo Measurement
The velocity is not being measured in the problem setup presented in this paper. Preliminary simulation results show that the estimated excitation force converges to the true excitation force with reasonable accuracy after a transient period. In this transient period, the estimates of the amplitudes, frequencies, and phases deviate away before they converge to their true signals. Aiming at eliminating this deviation in the initial phase and improving the estimation accuracy, a pseudo velocity measurement is added. The pseudo velocity measurement is generated by taking the derivative of the position, capitalizing on the available very accurate position sensors. This pseudo measurement is appended to the measurements vector and is handled as other measurements. The new output model is:
III. SIMULATION RESULTS
A simulation tool is developed to test the developed estimation and control system. Figure 1 presents the block diagram of this simulation tool, where the label "Dynamic Model" denotes the block that propagates the system's state vector in time. This dynamic model simulates the true model and assumes 32 frequencies in a Bretschneider wave (ℵ = 32), as shown in Figure 2 . To propagate the true model, process noises are added to the right hand side of Eqs. (5a)-(5e) to account for any non-modeled effects such as nonlinear viscous effects. The process noises are assumed random with normal distribution which statistical properties are listed in Table I ; zero mean noise is assumed for all the states. To create the measurements vectorỹ, a noise is added to each element in the output vector ( y) of the dynamic model. The noise in each measurement is assumed to be random with normal distribution; a zero mean noise is assumed for each output and the standard deviation values are listed in Table II . The EKF block has the EKF propagation and update equations. The EKF uses a dynamic model for propagation; this dynamic model is Eqs. (5a)-(5e) assuming only 10 frequencies in the wave and the excitation force (ℵ = 10), as opposed to 32 in the dynamic model that simulates the true model. Finally, the estimated state vector X is used by the "Controller" block to compute the optimal force to be applied by the power take off. The case study considered in this paper assumes a buoy, with no control force applied, moving only due to the wave effect. The objective is to verify that the EKF is working and to compare the results of the EKF with results obtained from numerical simulations conducted through NEMOH software. The simulation results presented in this paper are based on the device being used by Sandia National Laboratories for the experimental testing of control strategies for WECs (Patterson et al., 2015) , which is shown in Figure 3 . The buoy has a mass of 858.4 kg, a volume of 0.8578 m 3 , and it is assumed that there are 9 pressure sensors on one quadrant of the buoy surface at different depths. Figure 4 shows the estimated excitation force over time compared to the simulated true excitation force. The estimated excitation force is very close to the true excitation force. The accuracy of the estimated state vector is also very high. For example, Figure 5 shows the estimate of one of the frequencies versus its true value, where the initial state error is assumed to be 0.01 rad/sec. The error in estimating the wave amplitude at that frequency is shown in Figure 6 . An initial error is assumed to be 0.007 m. Based on the high level accuracy seen in these results, it appears that, for this specific device, the assumption of uniformly distributed radiation and viscous damping pressures appears to be admissible. These results can be further improved if the number of estimated frequencies in the EKF is increased. Figure 7 shows the percentage error in estimating the excitation force over time for various values of N w , which is the number of frequencies modeled in the EKF; note that the number of frequencies in the simulated true model is assumed 32. 
IV. CONCLUSIONS
This paper describes the design of an extended Kalman filter for the estimation of the wave exciting forces on a heaving point absorber. The measurements fed to the estimator are assumed to be the pressures at nine points on the buoy surface, in addition to the buoy position. The hydrodynamic model used in the extended Kalman filter assumes linear wave theory with potential flow to model the excitation and radiation forces. The set of results assumes no actuation is available. The simulation results demonstrate a good accuracy in estimating the excitation forces, which will be used for the implementation of the control strategy.
Future work includes verification of the estimator presented in this paper against data recently collected by Sandia National Laboratories during the experimental testing at the Maneuvering and Sea Keeping (MASK) basin located at the Naval Surface Warfare Center Carderock Division (NSWCCD) using the heaving point absorber depicted in Figure 8 (Patterson et al., 2015) . 
WWPTO). NEMOH is a Boundary Element
Methods software dedicated to the computation of first order wave loads on offshore structures. NEMOH software is used to generate some of the data used in this study.
